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ABSTRACT: Glasses in the system [Na2S]2/3[(B2S3)x(P2S5)1−x]1/3
(0.0 ≤ x ≤ 1.0) were prepared by the melt quenching technique, and
their properties were characterized by thermal analysis and impedance
spectroscopy. Their atomic-level structures were comprehensively
characterized by Raman spectroscopy and 11B, 31P, and 23Na high
resolution solid state magic-angle spinning (MAS) NMR techniques.
31P MAS NMR peak assignments were made by the presence or
absence of homonuclear indirect 31P−31P spin−spin interactions as
detected using homonuclear J-resolved and refocused INADEQUATE
techniques. The extent of B−S−P connectivity in the glassy network
was quantiﬁed by 31P{11B} and 11B{31P} rotational echo double
resonance spectroscopy. The results clearly illustrate that the network
modiﬁer alkali sulﬁde, Na2S, is not proportionally shared between the
two network former components, B and P. Rather, the thiophosphate (P) component tends to attract a larger concentration of
network modiﬁer species than predicted by the bulk composition, and this results in the conversion of P2S7
4−,
pyrothiophosphate, Na/P = 2:1, units into PS4
3−, orthothiophosphate, Na/P = 3:1, groups. Charge balance is maintained by
increasing the net degree of polymerization of the thioborate (B) units through the formation of covalent bridging sulfur (BS)
units, B−S−B. Detailed inspection of the 11B MAS NMR spectra reveals that multiple thioborate units are formed, ranging from
neutral BS3/2 groups all the way to the fully depolymerized orthothioborate (BS3
3−) species. On the basis of these results, a
comprehensive and quantitative structural model is developed for these glasses, on the basis of which the compositional trends in
the glass transition temperatures (Tg) and ionic conductivities can be rationalized. Up to x = 0.4, the dominant process can be
described in a simpliﬁed way by the net reaction equation P1 + B1 ⇆ P0 + B4, where the superscripts denote the number of BS
atoms for the respective network former species. Above x = 0.4, all of the thiophosphate units are of the P0 type and both pyro-
(B1) and orthothioborate (B0) species make increasing contributions to the network structure with increasing x. In sharp contrast
to the situation in sodium borophosphate glasses, four-coordinated thioborate species are generally less abundant and
heteroatomic B−S−P linkages appear to not exist. On the basis of this structural information, compositional trends in the ionic
conductivities are discussed in relation to the nature of the charge-compensating anionic species and the spatial distribution of
the charge carriers.
■ INTRODUCTION
The large majority of technically relevant glasses are based on
more than one network former species. Perhaps the most
common example is the well-known and widely used sodium
borosilicate, Pyrex, Na2O−B2O3−SiO2 glass system. The
combination of several network formers usually oﬀers the
possibility of ﬁne-tuning physical property combinations to
special technological demands, and in certain cases, the
interaction between the various network former components
results in improved physical properties. For example, the ionic
conductivities of alkali borophosphate glasses along the
compositional series [Na2O]y[(B2O3)x(P2O5)1−x)]1−y are sig-
niﬁcantly higher than those of either the binary alkali borate or
the alkali phosphate glass systems having the same concen-
tration of network modiﬁers, y. During the past few years, a
rationale for trends of this kind has been sought using
numerous structural probes such as solid state NMR, Raman,
and X-ray photoelectron spectroscopies and X-ray and neutron
scattering techniques. These studies combined with numerical
modeling and simulation techniques such as molecular
dynamics and reverse Monte Carlo methods have revealed
detailed quantitative models of the local environments of the
borate and phosphate network former species, their bond
connectivities, and their overall competition for the network
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modiﬁer.1−8 While these works have been extended to a
number of other oxide-based mixed-network former (MNF)
systems in recent years,9,10 to date, there are much fewer
studies in the literature providing a similar level of structural
detail on MNF eﬀects in ion-conducting chalcogenide glasses.
This near-absence of structural work is somewhat surprising in
view of the high ionic conductivity, typically of Li+ or Na+, and
hence the technological potential of lithium-based chalcogenide
glasses and the fact that pronounced MNF eﬀects, correspond-
ing to enhanced ionic conductivities, have been reported in the
literature for some time.
In both the systems [Li2S]0.3[(GeS2)x(SiS2)1−x]0.7
11 and
[Li2S]2/3[(B2S3)x(P2S5)1−x]1/3,
12 for example, network former
mixing gives rise to signiﬁcant ionic conductivity increases, even
though in the latter case the region of glass formation was
found to be rather restricted to high, x > 0.7, and low, x ≤ 0.1,
B2S3 contents. Structural investigations indicated that phase
separation phenomena may play an important role in governing
the ionic conductivities in both systems.13,14 While various
structural and dynamic investigations on a number of
thioborate, thiosilicate, and thiogermanate glasses have been
published over the years,15−20 quantitative details regarding the
concentrations of individual local environments, their con-
nectivities, and the partitioning of the network modiﬁer M2S,
where M is an alkali, between the various network former
components is not yet available for ion conducting
chalcogenide glasses. In the present study, we address these
issues for the ﬁrst time for glasses in the system
[Na2S]2/3[(B2S3)x(P2S5)1−x]1/3, 0.0 ≤ x ≤ 1.0. On the basis
of vibrational spectra and the application of a variety of
advanced solid state nuclear magnetic resonance (NMR)
techniques, we develop a comprehensive and quantitative
structural model describing the glass former local environ-
ments, the glass former polyhedral connectivities and the
distribution of the sodium sulﬁde network modiﬁer between
the two network forming components.
■ EXPERIMENTAL SECTION
Sample Preparation and Characterization. Samples
were prepared following previously reported procedures.21
Starting materials were P2S5 (ACROS, 99.9%, used as received),
glassy diboron trisulﬁde, v-B2S3, and anhydrous Na2S. As the
latter two materials are not commercially available in
satisfactory purity, they had to be prepared in initial synthesis
steps. v-B2S3 was prepared from stoichiometric amounts of the
elements boron (CERAC, amorphous, 99.9%) and sulfur
(CERAC, pieces, 99.9995%) within evacuated silica ampules
(10−3 bar).22 To avoid attack of silica ampules by the boron
sulﬁde melt, they were coated with an amorphous carbon layer,
which was produced by thermal decomposition of acetone. To
ensure a homogeneous reaction, the ampules were rotated at a
speed of 5 rpm. Figure S1 (Supporting Information) shows the
temperature program used for the synthesis. After 7 h at 1150
K, the melts were rapidly quenched by immersing the silica
ampules in water. A homogeneous green-colored glass was
obtained which was powdered in a nitrogen ﬁlled glovebox
shortly before its use as a starting material for the glasses.
Crystalline Na2S was prepared via dehydration of the
commercially available nonahydrate. To this end, Na2S·9H2O
(ACROS, chunks) was heated for 12 h at 873 K and 10−4 bar,
inside a glassy carbon crucible that was placed into a stainless
steel reactor. A porous, colorless, crystalline solid was obtained,
whose X-ray powder pattern matched that of Na2S with no
other detectable impurity phases present. The glasses were
prepared from the above three components in the desired
molar ratios, within glassy carbon crucibles, which were quickly
introduced for 10 min into a furnace preheated to 973 K
connected hermetically to the side of a nitrogen-ﬁlled glovebox.
After the melt initially settled, the temperature was raised to
1223 K and maintained for 20 min while the samples were
occasionally agitated. Following this, the melts were rapidly
quenched to room temperature between two copper plates.
Weight losses during this open-melt procedure were generally
found to be ∼2 wt % or less depending upon the composition,
x, more for thiophosphate-rich compositions, x → 0, and less
for thioborate-rich compositions, x → 1.
Glass transition temperatures Tg (onset points) were
measured with a Perkin-Elmer − Pyris Diamond diﬀerential
scanning calorimeter on ca. 10 mg samples at a heating rate of
20 K/min. DC ionic conductivities were measured on pellets of
the ﬁnely milled glassy powder pressed at 1.5 MPa under an
inert atmosphere, having a thickness and diameter of ∼1 and 10
mm, respectively. Gold electrodes were sputtered on both sides
of the pellets, using a BAL-TEC SCD 005 sputtering device.
Measurements were conducted with a NOVOCONTROL
impedance spectrometer over a temperature range of 150−350
K and a frequency range between 10−2 and 106 Hz. During the
25 min acquisition time spent at each temperature, the
temperature was maintained stable to within ±0.2 K. DC
ionic conductivity values σDC were extracted from Nyquist
plots, by extrapolating the imaginary part of the impedance, Z″,
to the intercept along the real of the complex impedance, Z′,
axis.
The Raman spectra were collected using a RENISHAW
inVia spectrometer, using an argon laser at 488 nm. Fourier
transform infrared (FT-IR) absorption spectra were collected
using a BRUKER IFS 66v/s spectrometer on pressed CsI
pellets containing 1−2 wt % of glass.
Solid State NMR. All of the 31P and 11B NMR experiments
were carried out at ambient temperature using either BRUKER
DSX-400 or -500 or BRUKER AV-300 or -600 spectrometers
with 2.5 or 4 mm probes from BRUKER. Signal deconvolutions
were done with the DMFIT software package.23
11B single pulse MAS experiments were carried out at 160.42
MHz on a 11.7 T magnet at spinning frequencies between 12.0
and 15.0 kHz. Typical acquisition parameters were as follows:
pulse length of 0.8−1.0 μs, 20° ﬂip angle, and a recycle delay of
5 s. TQMAS-NMR measurements were measured at 160.42
MHz on the DSX-500 spectrometer using the three-pulse
variant24 with z-ﬁltering.25 Measurements were conducted at a
spinning frequency of 25.0 kHz. The ﬁrst two hard pulses, 2.4
and 0.9 μs in length, and the third soft pulse, 10.0 μs, were
transmitted at radio frequency amplitudes corresponding to
liquid-state nutation frequencies of 160 and 12 kHz,
respectively. The evolution time was incremented in steps of
10 μs. 480 data steps were acquired in the t1 dimension using
up to 720 scans per t1 increment, with a relaxation delay of 1.0
s. Chemical shifts are reported relative to a CDCl3 solution of
BF3·OEt2.
31P single pulse MAS experiments were carried out at 242.88
MHz on a 14.1 T magnet at a spinning frequency of 12.0 kHz.
Typical acquisition parameters were as follows: pulse length of
3.0 μs, 90° ﬂip angle, and a recycle delay of 300 s. Chemical
shifts are reported relative to 85% aq. H3PO4.
Diﬀerent phosphorus species were identiﬁed via homonu-
clear J-resolved spectroscopy.26 In this experiment, the
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amplitude modulation of the rotor synchronized spin echo due
to 31P−31P homonuclear indirect scalar coupling (“J-coupling”),
damped by spin−spin relaxation, is recorded. Fourier trans-
formation of the 2D time domain data set yields a spectrum
exhibiting J-multiplets in the F1 dimension. These data were
measured at 121.44 MHz on the AV-300 spectrometer at a
spinning frequency of 15.0 kHz. Z-ﬁltered spin echoes, one
rotor period, were measured, and incorporated a 32-step phase
cycle.27 The π/2 pulse lengths were around 3.0 μs. Depending
on the sample, the rotor synchronized echoes were recorded for
evolution times up to 100 ms corresponding to about 80 t1
increments. For the 2D data processing, the States method28
was used to obtain pure absorption phase spectra. Data were
recorded at a 60 s recycle delay, by employing a saturation
comb to ensure reproducible steady-state conditions.
The connectivity between diﬀerent types of phosphorus units
was further probed by one- and two-dimensional refocused
INADEQUATE experiments; see Figure 1.29 This technique
relies on double quantum ﬁltering, based on homonuclear J-
coupling, to yield correlation peaks between nuclei engaged in
P−P or P−S−P linkages, whereas the signals from isolated 31P
nuclei are suppressed because the absence of J-coupling in them
precludes the formation of double quantum coherences. All the
1D and 2D refocused INADEQUATE experiments were done
on the AV-300 spectrometer using spinning rates of 15.0 kHz
and π/2 pulse lengths near 3.0 μs. The t1 increment was rotor
synchronized to suppress spinning sideband artifacts. 64 scans
were taken per t1 increment, and in total, 80 t1 steps were taken.
The States method was again used to obtain pure absorption
phase spectra. The single-quantum background signals were
eliminated by appropriate phase cycling. 1D-refocused
INADEQUATE spectra were taken under the same conditions,
using a ﬁxed t1 increment of 16.66 μs. In all of the experiments,
the DQ coherence build-up time 2T was set to 6.25 ms, which
is signiﬁcantly shorter than the value of 50 ms corresponding to
1/2J expected for maximum DQ coherence build-up.
Dipolar interactions between 11B and 31P were probed by
11B{31P} and 31P{11B} rotational echo double resonance
(REDOR) spectroscopy30 on a representative sample with x
= 0.5, using the DSX-400 spectrometer. A spinning frequency
of 10.0 kHz was used. Typical π pulse lengths were 8.0 and 9.0
μs for 11B and 31P, respectively. 11B{31P} REDOR data were
acquired with 16 scans accumulated using a relaxation delay of
5 s. Following previously established procedures,2,31 dipolar
second moments, M2(
11B{31P}), could be extracted from the
initial part of the 11B{31P} REDOR curves (ΔS/S0 ≤ 0.20),
using the expression31
π
Δ =S
S
M
4
3
(NT)
0
2 2
SI
r
2
(1)
The compensation pulse scheme was used,32 and the π pulses
on the 31P decoupler channel were phase cycled following the
XY scheme.33 The experimental conditions were calibrated
using parallel experiments on the previously measured
reference material Na5B2P3O13.
34 For the reverse 31P{11B}
REDOR experiments, only three data points were recorded,
with 64 scans at a relaxation delay of 60 s, using a presaturation
comb, owing to the limited signal-to-noise ratio and the long
spin−lattice relaxation times encountered.
23Na isotropic chemical shifts and second-order quadrupolar
eﬀect (SOQE) values were measured at 105.84 MHz on the
DSX-400 instrument using two-dimensional triple quantum
magic angle spinning (TQMAS) NMR24 with z-ﬁltering.25
Measurements were conducted at 200 K at a spinning
frequency of 12.0 kHz. The ﬁrst two hard pulses, 6.0 and 2.0
μs in length, and the third soft pulse, 10.0 μs, were transmitted
at radio frequency amplitudes corresponding to liquid-state
nutation frequencies of 110 and 9 kHz, respectively. The
sampling in the t1 dimension was done with a dwell time of
10.41 μs and 1/8 rotor period. 120 scans per t1 increment were
taken, with a relaxation delay of 0.5 s. Chemical shifts are
reported relative to 1 M aqueous NaCl solution. Static 23Na
Hahn spin echo decays, 90°-t1-180°, were measured at 160 K in
a static probe at 105.84 MHz on the DSX-400 spectrometer.
180° pulses of 14.6−15.8 μs were used. Dipolar second
moments M2(
23Na−23Na) were extracted from the spin echo
decays at short evolution times, 2t1 ≤ 200 μs, using the
expression35
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Finally, the dipolar coupling strengths between 23Na and 31P
nuclei were probed by 23Na{31P} rotational echo double
resonance (REDOR) spectroscopy. These measurements were
conducted at 105.84 MHz, both at room temperature and at
200 K, at rotor frequencies of 12.0 and 10.0 kHz, respectively.
The compensation pulse scheme was used, and the π pulses on
the 31P decoupler channel were phase cycled following the XY
scheme.33 The 180° pulse lengths for 31P and 23Na were 6.0
and 8.0 μs, respectively, and the relaxation delay was 0.5 s. The
data obtained in the limit of short evolution times (ΔS/S0 ≤
0.2) were analyzed in terms of second moments, using eq 1,
following previously published procedures.2,3,31
■ RESULTS, DATA ANALYSIS, AND
INTERPRETATION
Macroscopic Properties. Contrary to the situation in the
analogous lithium sulﬁde based system,12 we were able to
prepare glassy materials over the entire composition range, 0.0
≤ x ≤ 1.0. Table 1 summarizes the compositional evolution of
the glass transition temperature Tg. Within the range 0.0 ≤ x ≤
0.5, Tg manifests itself as a single thermal event, consistent with
the formation of homogeneous glasses. Tg increases slightly
with increasing thioborate content, passes through a maximum
near x = 0.4 and decreases again toward higher x-values, 0.5 ≤ x
≤ 1.0. In this latter composition range, a second Tg in the DSC
thermograms becomes evident, suggesting that these glasses are
phase separated. Analogous behavior was previously observed
for the corresponding lithium thioborophosphate glasses.12
Figure 1. Pulse scheme (top) and selected coherence transfer pathway
(bottom) of the refocused INADEQUATE experiment.
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Table 1 and Figure 3 summarize the Na+ ionic conductivity
data. The MNF eﬀect increases the ionic conductivity at room
temperature by 1 order of magnitude, and the highest
conductivity is observed for x = 0.4. At higher x-values, the
ionic conductivities decrease again. Temperature dependent
measurements of the Na+ ion conductivity reveal Arrhenius-
type behavior for all the compositions, see Figure S2
(Supporting Information), with activation energies ranging
between 42.4 and 47.8 kJ/mol.
Vibrational Spectroscopy. Figure 4 shows the Raman
spectra of all of the glasses prepared and studied in this work.
The spectrum of the pure sodium thiophosphate glass (x = 0.0)
is dominated by a band at 403 cm−1, which is accompanied by
two shoulders at 380 and 424 cm−1. On the basis of the
literature data of crystalline thiophosphates,36 the assignments
are as follows. The main peak corresponds to the P−S
stretching mode in a pyrothiophosphate group, while the 380
cm−1 shoulder can be attributed to the analogous P−S
stretching mode in the hexahypothiophosphate P2S6
4− groups.
The formation of the latter units arises from a well-known
disproportionation reaction of the type37
→ +− −P S P S 1/8S2 74 2 64 8 (3)
Finally, the band at 424 cm−1 arises from the P−S stretching
mode of an orthothiophosphate, PS4
3−, group.36
As illustrated by Figure 4, systematic spectral changes are
observed with increasing thioborate content. The bands
belonging to the dimeric thiophosphate species gradually
disappear, and the orthothiophosphate band becomes domi-
nant. At the same time, a new band near 498 cm−1 becomes
increasingly intense with increasing thioborate content. The
assignment of this line is unclear at the present time, as no good
match with literature data for binary sodium thioborate
reference crystals or glasses could be found.38 On the basis of
the compositional evolution of the band intensity and of the
charge balance considerations discussed below, we tentatively
assign this band to thiopyroborate, BS1/2(S2)
−, groups. In
addition, the formation of metathioborate groups is suggested
by a weak band observed near 300 cm−1. Finally, for glasses
with high thioborate contents, x = 0.7, 0.8, and 0.9, a new band
observed near 444 cm−1 corresponds to the symmetric B−S
breathing mode of orthothioborate, BS3
3−, groups.38
Figure 5 shows the FT-IR absorption spectra for all of the
glasses studied in this work. The bands assignable to P2S6
4−,
P2S7
4−, and PS4
3− groups appear near 500 (shoulder), 600, and
555 cm−1, respectively. In addition, the P−S−P stretching
Table 1. Compositions x, Glass Transition Temperatures Tg,
Room Temperature Electrical Conductivities σDC, and
Activation Energies ΔEA of the Glasses Studied
x
Tg(1)
(±2) (K)
Tg(2)
(±2) (K)
log10(σDC Ω·cm @ 298 K)
(±1%)
ΔEA (±2.0)
(kJ·mol−1)
0.0 468 −5.91 47.8
0.1 462 −5.87 46.0
0.2 461 −5.56 43.3
0.3 462 −5.07 43.3
0.4 471 −5.13 43.7
0.5 468 −4.86 42.7
0.6 460 508 −5.05 42.4
0.7 456 502 −5.19 43.8
0.8 449 499 −5.62 46.1
0.9 445 498 −5.79 47.5
1.0 440 495 −6.36 46.9
Figure 2. Dependence of the glass transition temperature Tg on
composition in [Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 glasses.
Figure 3. Dependence of room temperature ionic conductivity σDC on
composition in [Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 glasses.
Figure 4. Raman spectra of [Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 glasses.
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mode of the pyrothiophosphate group is clearly visible at 457
cm−1. In glasses with higher thioborate contents, numerous
broad bands can be observed between 700 and 1400 cm−1.
While the assignment of these bands to the various diﬀerent
types of thioborate structures is generally less certain, it is likely
that oxide impurities are responsible for some of them,
particularly those above 1000 cm−1.22 Owing to the larger
dipole moments of B−O bonds, the oscillator strengths of these
units are signiﬁcantly higher than those of B−S bonds. As a
result, the intensities of these bands appear artiﬁcially enhanced
in the FT-IR absorption spectra compared to those arising from
the thioborate groups.
One- and Two-Dimensional 31P MAS NMR. Figure 6
summarizes the 31P solid state MAS NMR spectra of the
glasses. At low thioborate contents, x ≤ 0.3, three overlapping
contributions near 93, 84, and 107 ppm are observed; see Table
2. The nature of these species was further explored by 2D J-
resolved spectroscopy, and these results are presented in Figure
7. On the basis of the observation of J-doublets with coupling
constants of 80 ± 5 and 20 ± 2 Hz, respectively, the species at
107 and 93 ppm are assigned to hexahypothiophosphate and
pyrothiophosphate groups, respectively. The resonance near 84
ppm gives rise to a singlet and is not detected in a 1D refocused
INADEQUATE experiment, see Figure 8, thus making it
assignable to monomeric PS4
3− orthothiophosphate units. The
chemical shifts observed for these diﬀerent thiophosphate
species are found to be consistent with the 31P chemical shifts
previously observed in lithium thiophosphate glasses and
crystalline analogues.39 Figure 9 summarizes the fractional
areas of these three anionic phosphorus species, P1P, P1, and P0,
as a function of thioborate content. The monomeric P0 units
become increasingly dominant with increasing thioborate
content. Qualitatively, these results illustrate that the
thiophosphate groups function as an alkali metal scavenger
species, accumulating a higher negative charge and attracting
more network modiﬁer than would be expected on the basis of
proportional sharing of the network modiﬁer. As a result of this
eﬀect, substantial structural transformations are expected in the
speciation of the thioborate network former component and
this has been addressed by 11B MAS NMR.
11B MAS- and TQMAS-NMR. Figure 10 shows the 11B
MAS NMR and the isotropic projections of the corresponding
TQMAS-NMR spectra. The enhanced resolution achieved by
Figure 5. FT-IR absorption spectra of [Na2S]2/3[(B2S3)x(P2S5)1−x]1/3
glasses.
Figure 6. 31P MAS NMR spectra of [Na2S]2/3[(B2S3)x(P2S5)1−x]1/3
glasses. The black line is experimental, and the red (total spectra) and
dashed (individual peaks) lines are the result of the spectral
deconvolution ﬁt.
Table 2. Fitting Parameters Used for the 31P MAS-NMR
Signals Assigned to the Various Thiophosphate Species in
[Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 Glasses
x Pn δ (±0.3) (ppm) LB (±0.5)a (ppm) G/Lb f i (±1) (%)
0.0 P0 81.6 9.0 1.0 11.2
P1 93.1 11.6 1.0 75.3
P1P 107.2 9.8 1.0 13.5
0.1 P0 83.4 7.3 1.0 15.7
P1 92.6 12.4 1.0 72.7
P1P 107.8 8.2 1.0 11.6
0.2 P0 84.0 7.7 1.0 32.0
P1 92.6 12.0 1.0 61.2
P1P 107.6 8.1 1.0 6.8
0.3 P0 84.0 7.4 1.0 56.7
P1 92.7 12.1 1.0 39.2
P1P 107.5 7.9 1.0 4.2
0.4 P0 84.0 7.3 1.0 89.2
P1 93.0 11.8 1.0 8.6
P1P 107.5 7.4 1.0 2.1
0.5 P0 84.3 7.2 1.0 100.0
0.6 P0 84.1 7.2 1.0 100.0
0.7 P0 84.1 7.3 1.0 100.0
0.8 P0 84.0 7.3 1.0 100.0
0.9 P0 83.8 7.3 1.0 100.0
aLine broadening (LB) parameter of the convolution function used.
bGauss/Lorentz character (G/L) of the convolution function used: G/
L = 1.0 denotes purely Gaussian, and G/L = 0.0, purely Lorentzian
broadening.
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the TQMAS technique (right part of the ﬁgure) is clearly
evident. Deconvolutions of the complex MAS NMR spectra are
possible by ﬁtting the individual spectra in the anisotropic F2
dimension of the TQMAS data for diﬀerent given resonance
shifts observed in the isotropic F1 dimensions, typical examples
of which are shown in Figure 11. Using this approach, the
isotropic chemical shifts δcs
iso and nuclear electric quadrupolar
coupling parameters for the individual sites could be extracted.
With this information, it was possible to deconvolute all the
single-pulse MAS NMR spectra, despite their complex
appearance, using up to 11 components in a consistent manner
(see Figure S3, Supporting Information). Figure 12 shows
typical ﬁts to the MAS NMR spectra, and Table 3 summarizes
the corresponding ﬁtting parameters used. Peak assignments
are possible with reference to NMR data published for
crystalline and glassy sodium thioborates.40 The broad feature
observed at the highest resonance frequencies, 50−70 ppm in
the isotropic dimension of the TQMAS spectra, Figure 10,
right, is comprised of three distinct spectral components, which
could, in principle, correspond to the NMR signals of BS3/2,
boron sulﬁde, BS2/2S
−, metathioborate, BS1/2S
2−, pyrothiobo-
rate, and BS3
3−, orthothioborate, groups (see Figure 13).
On the basis of charge balance arguments, we tentatively
attribute the spectral component characterized by δCS
iso = 62−
63 ppm, CQ = 2.40 MHz, and η = 0.43 to BS2/2S
− units in
glasses with low thioborate contents, x ≤ 0.4, and to BS1/2(S−)2
groups in glasses with higher thioborate contents. The
alternative assignment of this signal to metathioborate groups
in this concentration range is not possible, as this would result
in too few anionic charges in the network. Pyrothioborate
Figure 7. 31P J-resolved spectrum of [Na2S]2/3[(B2S3)x(P2S5)1−x]1/3
glass with x = 0.1.
Figure 8. 1D 31P refocused INADEQUATE spectrum of
[Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 glass with x = 0.3.
Figure 9. Thiophosphate speciation from 31P MAS NMR in
[Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 glasses.
Figure 10. 11B MAS NMR (left) and isotropic projections of 11B
TQMAS-NMR (right) spectra of [Na2S]2/3[(B2S3)x(P2S5)1−x]1/3
glasses.
Figure 11. 11B TQMAS spectrum of [Na2S]2/3[(B2S3)x(P2S5)1−x]1/3
glass with x = 1.0. The right side shows individual anisotropic slices
(intensity vs F2) obtained at the isotropic resonance shift values (in
the F1 dimension) indicated.
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groups have been suspected to occur in binary Na2S + B2S3
glasses with high sodium sulﬁde contents.40 Furthermore, an
incongruently melting crystalline compound of composition
Na4B2S5 bearing this moiety has been reported to exist.
41 There
is also ample precedent in the literature that the NMR spectral
parameters of both meta- and pyro(thio)borate groups are
diﬃcult to diﬀerentiate in glasses.40,42,43 The 11B MAS NMR
spectra shown in Figures 12 and S3 (Supporting Information)
further show three well-resolved signals in the 15−45 ppm
range. Species of this kind have been detected by TQMAS
before in binary sodium thioborate glasses and are attributed to
the inﬂuence of oxide impurities in the thioborate network.40
Following ref 40, we assign the signals at δcs
iso = 45.2, 35.1, and
17.1 ppm to 3-fold boron species with mixed sulfur and oxygen
coordination, BS2O, BSO2, and purely oxygen-bound BO3
units, respectively. For the resonance observed at 17.1 ppm,
the nearly axially symmetric electric ﬁeld gradient (η = 0.2)
suggests a likely assignment to neutral BO3/2 units. In contrast,
the other two resonances have asymmetry parameters near 0.4.
As the published spectra of B2O(3−n)Sn glasses
44,45 indicate that
mixed neutral BO(3−n)/2Sn/2 units are also characterized by near-
axially symmetric electric ﬁeld gradients, the asymmetry
parameter of 0.40 suggests that these units are either singly
or doubly charged, corresponding to mixed-sulfur and oxygen
analogues of metaborate or pyroborate units. As we cannot
exclude that small amounts of mixed B(S(3−n)On)1/2, n = 1 or 2,
neutral units also contribute to these two peaks, we assume, for
simplicity, that the species giving rise to the 45.2 and 31.5 ppm
peaks are, on average, singly charged. This assumption is further
justiﬁed by the charge balance considerations discussed further
below. Finally, we observe up to ﬁve distinct resonances in the
chemical shift region between −4 and 8 ppm, which we
attribute to anionic four-coordinated species with diﬀerent
mixed BS(4−n)On (n = 0−4) coordinations.
13 On the basis of the
quantitative species concentrations obtained from the 11B MAS
NMR line shape ﬁtting (see Table 3), we can deduce the
fraction of sulfur atoms that have been replaced by oxygen
species. In doing so, we assume that all of the oxygen species
observed in the various BS(3−n)On and BS(4−n)On species are of
the bridging type and that the oxygen atoms are exclusively
boron-bonded. The latter assumption is justiﬁed by the 31P
MAS NMR spectra, which clearly show the absence of
PS(4−n)On species, which would give rise to signals in the 8−
65 ppm range.46 The results of this analysis, which are included
in Table 3, indicate that typically about 7% of the sulfur atoms
are replaced by oxygen in our samples. The more or less
constant level of contamination suggests that the oxygen atoms
are most likely introduced during the synthesis and sample
handling process, or by the starting material Na2S, but not by
the starting material B2S3.
11B{31P} and 31P{11B} REDOR Experiments. Figure 14
shows the results of REDOR experiments made on a sample
with x = 0.5, B/P = 1:1, to examine the extent of P−S−B
connectivity in these mixed glass former glasses. In the case of
the 11B NMR signal observation, separate REDOR curves were
obtained for the spectrally resolved three- and four-coordinated
boron units, while in the case of 31P observation data were
recorded only at three distinct evolution times because the
spin−lattice relaxation times were found to be extremely long.
The results of both experiments clearly indicate that the
heteronuclear magnetic 11B−31P dipole−dipole interactions are
extremely weak, corresponding to M2(
11B{31P}) values of 0.2 ×
10−6 and 0.3 × 10−6 rad2 s−2 for B4 and B3 units, respectively.
These values are 1 order of magnitude lower than expected in
the case of B−S−P linkages and thus suggest the complete
absence of such connectivities. This ﬁnding agrees with the
conclusion from 31P MAS NMR that isolated PS4
3− groups
comprise the sole thiophosphate species at compositions with x
≥ 0.4.
23Na Static, TQMAS, Spin Echo Decay, and 23Na{31P}
REDOR NMR Experiments. The short-range, ﬁrst coordina-
tion sphere, and medium-range, second coordination sphere,
structure around the sodium ions has been investigated by 23Na
TQMAS, 23Na{31P} REDOR, and 23Na spin echo decay
spectroscopy. These studies were conducted at low temper-
atures, T ≤ 200 K, to ensure that the Na+ ion motion is frozen
in on the NMR time scale. The necessity of low-temperature
measurements is illustrated by Figure 15, which shows a
substantial diﬀerence in the 23Na{31P} REDOR curves at 298
and 200 K, revealing that at 298 K the dipolar coupling eﬀect is
substantially attenuated by ionic motion. Table 4 summarizes
the 23Na isotropic chemical shifts and SOQE values, extracted
from TQMAS-NMR, the homonuclear second moments
Figure 12. Typical 11B MAS NMR spectra and ﬁts of two
representative [Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 glasses.
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M2(
23Na−23Na), measured from static spin echo decays at 160
K, and the heteronuclear second moments M2(
23Na{31P}),
from 23Na{31P} REDOR at 200 K. Figure 16 shows the
compositional trends of the isotropic chemical shifts δiso(
23Na)
and the dipolar second moments M2(
23Na{31P}) and
M2(
23Na−23Na). Up to x = 0.5, the 23Na chemical shifts
remain approximately constant, see Table 4, suggesting that
within this composition range the ﬁrst coordination sphere of
the sodium ions remains unchanged. Furthermore, the
M2(
23Na{31P}) values remain nearly constant as well, in spite
of the decreasing concentration of the thiophosphate species in
the network. Both results strongly suggest that the second
Table 3. Fitting Parameters Used for the 11B MAS-NMR Signals Assigned to the Various Oxy-Thioborate Species in
[Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 Glasses
x BO4 BO3S BO2/S2 BOS3 BS4 BO3 BO2S BOS2 BS3 BS2/2S
− and BS1/2 (S
−)2 BS3
3− %Oa
0.1 δcs
iso (±0.2) (ppm) −4.1 −1.0 0.1 3.2 7.6 17.1 31.5 45.2 56.0 61.9
CQ (±0.05) (MHz) 2.60 2.56 2.47 2.40 2.40
η (±0.1) 0.20 0.40 0.40 0.05 0.43
f i (±5) (%) 13.7 0.7 8.4 15.8 15.6 40.3 0.1 0.4 1.6 3.6 3.1
sumb 54.2 40.8 5.2
0.2 δcs
iso (±0.2) (ppm) −3.9 −1.0 0.3 3.6 8.2 17.3 31.5 45.2 58.2 61.9
CQ (±0.05) (MHz) 2.60 2.56 2.47 2.40 2.40
η (±0.1) 0.20 0.40 0.40 0.05 0.43
f i (±5) (%) 6.2 21.1 5.7 28.1 5.5 16.9 1.5 1.0 4.5 9.4 5.5
sum 66.6 19.4 13.9
0.3 δcs
iso (±0.2) (ppm) −4.4 −1.0 0.5 3.6 7.9 17.3 31.5 46.2 59.2 62.7
CQ (±0.05) (MHz) 2.60 2.56 2.47 2.40 2.40
η (±0.1) 0.20 0.40 0.40 0.05 0.43
f i (±5) (%) 1.9 27.1 6.5 12.7 6.2 18.4 2.2 1.7 5.4 18.2 8.2
sum 54.4 22.3 23.6
0.4 δcs
iso (±0.2) (ppm) −3.6 −1.0 0.7 3.6 7.6 17.3 31.5 45.2 59.2 62.7
CQ (±0.05) (MHz) 2.60 2.56 2.47 2.40 2.40
η (±0.1) 0.20 0.40 0.40 0.05 0.43
f i (±5) (%) 3.0 36.5 2.7 3.7 3.7 18.4 3.5 2.6 5.9 20.0 12.6
sum 49.6 24.5 25.9
0.5 δcs
iso(±0.2) (ppm) −2.7 0.5 3.6 7.0 17.0 32.2 45.0 59.2 62.7 66.8
CQ (±0.05) (MHz) 2.60 2.56 2.47 2.40 2.40 2.50
η (±0.1) 0.20 0.40 0.40 0.05 0.43 0.00
f i (±5) (%) 2.5 7.8 1.5 6.5 12.0 10.0 7.2 14.0 36.7 1.8 7.3
sum 18.3 29.2 52.5
0.6 δcs
iso(±0.2) (ppm) −2.8 0.3 3.2 6.9 16.5 31.8 44.7 59.2 62.7 66.8
CQ (±0.05) (MHz) 2.60 2.56 2.47 2.40 2.40 2.50
η (±0.1) 0.20 0.40 0.40 0.05 0.43 0.00
f i (±5) (%) 2.1 7.2 1.8 5.7 3.8 11.6 5.9 12.8 43.7 5.2 6.5
sum 16.8 21.3 61.7
0.7 δcs
iso(±0.2) (ppm) −3.0 0.3 3.1 7.0 16.1 31.8 44.8 59.3 62.7 66.7
CQ (±0.05) (MHz) 2.60 2.56 2.47 2.40 2.40 2.50
η (±0.1) 0.20 0.40 0.40 0.05 0.43 0.00
f i (±5) (%) 1.3 7.9 1.7 4.2 2.4 11.1 5.2 11.8 42.5 12.0 7.0
sum 15.1 18.7 66.3
0.8 δcs
iso(±0.2) (ppm) −2.9 0.3 2.7 7.1 16.0 32.0 44.9 59.3 62.7 66.7
CQ (±0.05) (MHz) 2.60 2.56 2.47 2.40 2.40 2.50
η (±0.1) 0.20 0.40 0.40 0.05 0.43 0.00
f i (±5) (%) 0.7 5.9 2.6 3.3 1.8 10.0 4.5 7.2 48.4 15.7 6.9
sum 12.5 16.3 71.3
0.9 δcs
iso(±0.2) (ppm) −3.0 0.3 2.6 7.0 16.0 32.0 45.2 59.3 62.7 66.7
CQ (±0.05) (MHz) 2.60 2.56 2.47 2.40 2.40 2.50
η (±0.1) 0.20 0.40 0.40 0.05 0.43 0.00
f i(±5) (%) 0.6 5.8 2.4 2.3 1.0 8.8 3.2 5.4 47.1 23.4 6.9
sum 11.1 13.0 75.9
1.0 δcs
iso(±0.2) (ppm) −3.2 0.1 2.4 6.3 15.5 31.8 45.6 59.2 62.7 66.8
CQ (±0.05) (MHz) 2.60 2.56 2.47 2.40 2.40 2.50
η (±0.1) 0.20 0.40 0.40 0.05 0.43 0.00
f i (±5) (%) 0.5 5.5 1.5 2.0 0.6 8.1 3.8 6.6 46.8 24.7 7.2
sum 9.5 12.5 78.1
aPercent of the sulfur atoms replaced by oxygen atoms. bSums are given for the fractional areas of all the B4 species, for the O-containing B3 species,
and for those B3 species that are exclusively S-bonded.
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coordination sphere of the sodium ions remains dominated by
phosphorus and that the majority of the thioborate species
present are remote from the sodium ions. Consequently, the
sodium ions cannot be considered to be randomly distributed
in space but, rather, are strongly spatially correlated with the
PS4
3− ions. The systematic increase observed in the
M2(
23Na−23Na) parameter up to x = 0.5 can be understood
in terms of this clustering tendency. Above x = 0.5, the values of
δiso and M2(
23Na{31P}) change monotonically. Likewise, a
gradual decrease in the strength of the homonuclear dipole−
dipole interactions is observed and suggests the partial dispersal
of the clusters. All of these trends indicate an increasing
participation of anionic thioborate species in the ﬁrst
coordination sphere of the sodium ions for x ≥ 0.5.
Figure 13. Structures of the thioborate and thiophosphate species identiﬁed in the present glass system. In addition, partially O-substituted species
are observed.
Figure 14. Top: 11B{31P} REDOR curves for B3 and B4 units of a
[Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 glass with x = 0.5 and parabolic ﬁts of
the ΔS/S0 < 0.2 region. Bottom: 31P{11B} REDOR measurements of a
[Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 glass with x = 0.5 at three diﬀerent
dipolar evolution times with 2, 22, and 42 rotor cycles. Solid and
dashed curves correspond to the signals without (S0) and with (S)
dipolar recoupling.
Figure 15. 23Na{31P} REDOR curves of two representative
[Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 glasses (x = 0.2 and x = 0.5) and
parabolic ﬁts at short evolution times. Data are shown both for room
temperature and 200 K.
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Sodium Ion Dynamics. Both graphs in the top of Figure
17 display typical static variable-temperature 23Na NMR spectra
and show clear evidence of motional narrowing eﬀects caused
by sodium diﬀusion. The bottom part of that ﬁgure shows a
plot of the full width at half-maximum Δν as a function of
temperature. Using the expression of Waugh and Fedin, ΔEA
(kJ/mol) ≈ 0.156 × Tonset (K),
47 approximate activation
energies can be extracted from the onset temperatures of the
observed motional narrowing. As often observed in dynamical
studies of disordered materials,48 the activation energies
extracted from the data in this simpliﬁed manner diﬀer
systematically from those obtained from the ionic conductivity
measurements. Nevertheless, Figure 18 illustrates clearly that
both data sets are aﬀected by the same compositional trends.
This result indicates that the MNF eﬀect observed in the ionic
conductivities can be most likely attributed to structural
changes in the network that result in enhanced ionic mobilities
in the mixed thioborophosphate glasses.
■ DISCUSSION
Anionic Species in Sodium Thioborophosphate
Glasses. On the basis of all of the spectroscopic information
described above, we can now develop a comprehensive
structural model of [Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 glasses.
From the deconvolution of the various 31P MAS NMR peaks,
we know that there are (at least) three anionic thiophosphate
species, namely, P0 (the PS4
3− group), P1 (the two P atoms
belonging to the P2S7
4− group), and P1P (the two P atoms
belonging to the P2S6
4− group). Their concentrations can be
quantiﬁed from their respective fractional areas f i in the
31P
MAS NMR spectra and are given by (1 − x)·f i/0.67. The
divisor 0.67 normalizes the total concentration of network
former species to 1 for each composition.
As discussed above, as no additional 31P resonances are
found in the spectra, there is no evidence for any mixed
P(O,S)4
3− units. Our conclusion that all the oxide contaminants
are boron-bonded is not reﬂected by the magnitudes of the
Gibbs free energies of formation of the BO3/2 and PO5/2
structures, with the former being −286 kJ/mol and the latter
being −344 kJ/mol.49 The presence of such mixed sulfur−
oxygen borate groups and the absence of mixed sulfur−oxygen
phosphate groups must therefore be related to the diﬀerences
in the relative thermodynamic stability of the mixed species, of
which there are no readily available data. Regarding the
thioborate network, the spectra have identiﬁed the two neutral
species BS3/2 and BO3/2. There are also ﬁve types of anionic
thio- and oxy-thioborate species to be taken into account,
namely, B(X)4/2
−, BS2/2S
−, BX2/2X
−, BS1/2S
2−, and BS3
3− units,
X = O and S (see Figure 13). As mentioned above, we assume
that the mixed species are singly charged on average. By means
Table 4. 23Na-Isotropic Chemical Shifts δcs
iso and SOQE
Parameter Extracted from TQMAS-NMR experiments,
M2(
23Na{31P}) Values from REDOR, and M2(
23Na−23Na)
Values from Spin Echo Decay Spectroscopy of
[Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 Glasses
23Na-TQMAS-NMR
23Na{31P}
REDOR
23Na spin echo
decay
x
δcs
iso(23Na)
(±0.5)
(ppm)
SOQE (23Na)
(±0.2)
(MHz)
M2(
23Na{31P})/
106 rad2 s−2
(±10%)
M2(
23Na−23Na)/
106 rad2 s−2
(±10%)
0.0 3.0 1.6 1.5 5.0
0.1 4.1 1.6 1.4 5.2
0.2 3.6 1.6 1.5 5.9
0.3 4.1 1.7 1.3 6.3
0.4 4.1 1.6 1.3 6.7
0.5 3.8 1.6 1.1 7.4
0.6 4.6 1.6 0.8 6.8
0.7 5.5 1.6 0.7 6.6
0.8 6.4 1.6 0.5 6.2
0.9 6.8 1.6 0.3 6.5
1.0 7.8 1.6 6.2
Figure 16. (a) 23Na isotropic chemical shifts δiso, (b) M2(
23Na{31P})
v a l u e s , a n d ( c ) M 2 (
2 3 N a − 2 3 N a ) v a l u e s o f
[Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 glasses as a function of composition.
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of this assumption, any errors arising from the neglect of
neutral and doubly charged species mutually compensate each
other when the overall charge balance is computed.
The individual concentrations of the above-named boron
species were obtained from the deconvolution of the peaks in
the 11B MAS NMR spectra. Table 5 summarizes this data and
attributes the total number of charges to the thiophosphate and
the thioborate networks. In this table, the concentrations of the
ﬁve diﬀerent tetrahedral B(O,S)4
− units have been summed,
and likewise, the sums of the concentrations of the mixed 3-fold
BOS2 and BS2O units, assumed to be singly charged on average,
are listed. To test the validity of this analysis, charge balance
considerations are useful. The total anionic charge computed
from the individual species concentrations has to amount to
200, based on the use of the 100% scale we use here and is as
expected from the network modiﬁer-to-network former ratio
design of two for these glasses. Inspection of Table 5 indeed
shows that, for each glass composition, close to 200 ± 10
charge units are accounted for in the analysis presented above.
Any observed deviations away from this balance for individual
samples are likely attributable to the inherent simpliﬁcations
made in the assignments and small errors introduced in
deconvoluting the peaks.
Figure 19 shows a comprehensive plot of the concentrations
of the various anionic species as a function of x. It is evident
from Table 5 that the sodium ions are not proportionally
shared between the thioborate and the thiophosphate networks.
Rather, they have a strong preference to be associated with the
thiophosphate component subnetwork structures, leading on
average to the thiophosphate subnetwork structures being more
depolymerized and possessing more nonbridging sulfurs than
the thioborate and oxy-thioborate subnetwork structures. For
the compositions 0.1 ≤ x ≤ 0.4, the overwhelming majority of
the sodium ion charge is neutralized by the thiophosphate
network, where participation of the thioborate species takes
place mostly via formation of four-coordinated species. While
simple considerations of sample compositions would suggest
the presence of doubly charged P1 and B1, pyrothiophosphate
and pyrothioborate anionic species, a more careful inspection of
the NMR and Raman results indicates that a structural
redistribution takes place in the melt, resulting in the formation
of triply charged P0, orthothiophosphate, PS4
3−, and singly
charged B4, tetrahedral BX4/2 units (X = O and S) according to
the reaction scheme
+ → +P B P B1 1 0 4 (4)
Consistent with this conclusion, the 23Na NMR chemical
shift values indicate that the sodium environment remains
approximately the same over the full compositional domain of
x, despite the continuous decrease of P content. For glasses
with x = 0.4, the spectra indicate that all of the thiophosphate
species are now present in the form of P0 units. In addition, a
wide variety of thioborate species are found, while the
concentrations of monomeric PS4
3− groups and four-coordinate
BX4
−, X = O and S, species reach a maximum value. As x
increases beyond the value of 0.4, the capacity of the
thiophosphate component to provide charge compensation is
exhausted and network modiﬁcation proceeds increasingly via
the formation of anionic thioborate B2, B1, and B0 species.
Consistent with this evolution, the 23Na chemical shifts
observed in these glasses change continuously with increasing
x, reﬂecting the increasing contribution of the thioborate
component in the ﬁrst coordination sphere of sodium.
Relation to Compositional Trends in the Ionic
Conductivities. On the basis of the results above, we can
now discuss possible structural origins for the trends observed
in the ionic conductivities. As discussed above, the 23Na NMR
results that showed that the trend of the line narrowing
activation energy agreed very well with the trend of the σDC
Figure 17. Representative static 23Na spectra as a function of
temperature (x = 0.2 and x = 0.8) (top) and full width at half height of
the static 23Na NMR spectra as a function of temperature for some
representative [Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 glasses (bottom).
Figure 18. Activation energies determined from the temperature
dependent dc-conductivities (solid circles) and estimated from the
onset points of motional narrowing observed in static 23Na NMR
spectra, using the Waugh−Fedin expression47 (open circles).
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activation energy suggest that the conductivity maximum trend
observed in Figure 3 is due to an eﬀect of ionic mobilities rather
than charge carrier concentration. Insights into the structural
origins of the 1-order-of-magnitude increase in σDC can be
obtained from an inspection of the types of anions present with
which the cations interact (see the Discussion above). Within
the compositional region 0.0 ≤ x ≤ 0.5, the dominant species
are thiophosphate and singly charged B4, tetrahedral BX4/2
units (X = O and S). As discussed elsewhere,50 anion
compensation by B4 units tends to favor ionic mobility as the
negative formal charge associated with the four-coordinated
boron atoms is dispersed over the four bridging chalcogen
atoms, resulting in shallower Coulomb traps compared to other
types of anions with more localized negative charges. An
additional structural eﬀect, which may even be more important,
is evident in the continuous increase of M2(
23Na−23Na) with
increasing x (x ≤ 0.5). This trend indicates that the average
Na···Na distances tend to decrease, pointing toward an
increased clustering tendency of Na ions. Thus, we also may
attribute the increased Na mobilities within the composition
range 0.0 ≤ x ≤ 0.5 to shortened elementary jump distances
along percolation paths within these clusters.
As x increases beyond the value of 0.4−0.5, the singly,
doubly, and triply charged anionic B2, B1, and B0 species
increasingly contribute to the local environment of the Na+
ions. The charges on these nonbridging sulfur atoms are not
dispersed and can be expected to result in stronger Coulomb
interactions with the Na+ ions compared to thiophosphate and
B4 species, thus providing a rationale for the successive decrease
in ionic conductivity and cationic mobility for x > 0.5. At the
same time, a decrease in M2(
23Na−23Na) is observed, also
indicating a lower clustering tendency in these glasses. Both
eﬀects may contribute to the continuous decrease in the ionic
conductivities (increase in the activation energy) observed for
glasses with x > 0.5. In addition, the phase-separated character
of glasses in this composition range is expected to inﬂuence the
trend of the ionic conductivities as well, and this further
complicates the discussion of structure/property relations
within this composition range. Work is ongoing on these
glasses to more fully determine and understand the extent and
nature of the phase separation in these glasses and to determine
if, when oxygen-free glasses are prepared, the observed phase
separation can be eliminated to enable a more complete
understanding of the relationships between the alkali ion
conductivity and the structure of these glasses to be
determined.
■ CONCLUSIONS
In summary, the present study illustrates the unique power and
potential of the combined application of diﬀerent 1D and 2D
solid state NMR techniques together with vibrational spectros-
copy and charge balance considerations to resolve the rather
complex short and medium range structure of MNF glasses in
the chalcogenide glass system [Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 in
a detailed and quantitative manner. There is preferential
attraction of the network modiﬁer species by the thiophosphate
component, and high ionic mobility appears to be favored by
the presence of monomeric PS4
3− and BX4
−, X = O and S,
species in the glasses. In contrast to the situation encountered
in the oxide analogue, the sodium borophosphate glass system
where the formation of heteroatomic connectivity is strongly
favored, P−S−B linkages do not seem to occur in the present
thioborophosphate glass system. Of course, a direct comparison
remains diﬃcult as the network modiﬁer concentrations in the
present chalcogenide glasses are much higher than those
previously studied for the oxide mixed glass former systems.
Unfortunately, the regions of glass formation in the
[ N a 2 S ] y [ ( B 2 S 3 ) x ( P 2 S 5 ) 1 − x ] 1 − y a n d t h e
[Na2O]y[(B2O3)x(P2O5)1−x]1−y systems do not overlap with
respect to a common modiﬁer concentration y. Work is
ongoing on these systems to determine if roller quenching to
enhance the glass forming ranges in these systems can be used
to create such overlapping glass forming ranges. For evaluating
the role of the type of chalcogen present in MNF glasses in
aﬀecting network former connectivities, comparative inves-
Table 5. Species Concentrations and Charges Attracted by the Thiophosphate and Thioborate Species in
[Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 Glasses (X = O, S)
x [P0] [P1] [P1P] [BO3/2] [BS3/2] [BX4/2
−] [BS2/2S
−] [BX2/2X
−] [BS1/2S
2−] [BS3
3−] Σcharge on Pn Σcharge on Bn Σcharge
0.0 11.2 75.3 13.5 0 0 0 0 0 0 0 211.2 211.2
0.1 14.1 65.4 10.5 4.0 0.2 5.4 0.4 0.1 0 0 194.1 5.9 200.0
0.2 25.6 49.0 5.4 3.4 0.9 13.3 1.9 0.5 0 0 185.6 14.7 200.3
0.3 39.7 27.4 3.0 5.5 1.6 16.3 5.5 1.2 0 0 179.9 23.0 202.9
0.4 53.5 5.2 1.3 7.4 2.4 19.8 8.0 2.4 0 0 173.5 30.2 203.7
0.5 50.0 0 0 6.0 7.0 9.2 0 8.6 18.4 0.9 150 58.2 208.2
0.6 40.0 0 0 2.3 7.7 10.1 0 10.5 26.2 3.1 120 82.3 202.3
0.7 30.0 0 0 1.7 8.3 10.6 0 11.4 29.8 8.4 90 106.8 196.8
0.8 20.0 0 0 1.4 5.8 10.0 0 11.6 38.7 12.6 60 136.8 196.8
0.9 10.0 0 0 0.9 4.9 10.0 0 10.8 42.3 21.1 30 168.7 198.7
1.0 0 0 0 0.6 6.6 9.5 0 11.9 46.8 24.7 0 189.1 189.1
Figure 19. The network former species concentrations (normalized to
100%) as deduced from the Raman and NMR experiments on the
[Na2S]2/3[(B2S3)x(P2S5)1−x]1/3 glasses.
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tigations of the systems Na2O−P2O5−GeO2 and Na2S−P2S5−
GeS2 are currently under consideration in our laboratories.
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(26) Brown, S. P.; Peŕez-Torralba, M.; Sanz, D.; Claramunt, R. M.;
Emsley, L. Chem. Commun. 2002, 7, 1852.
(27) Duma, L.; Lai, W. C.; Carravetta, M.; Emsley, L.; Brown, S. P.;
Levitt, M. H. ChemPhysChem 2004, 5, 815.
(28) States, D. J.; Haberkorn, R. A.; Ruben, D. J. J. Magn. Reson.
1982, 48, 286.
(29) Lesage, A.; Bardet, M.; Emsley, L. J. Am. Chem. Soc. 1999, 121,
10987.
(30) Gullion, T.; Schaefer, J. J. Magn. Reson. 1989, 81, 196.
(31) Bertmer, M.; Eckert, H. Solid State Nucl. Magn. Reson. 1999, 15,
139.
(32) Chan, J. C. C.; Eckert, H. J. Magn. Reson. 2000, 140, 170.
(33) Gullion, T. Magn. Reson. Rev. 1997, 17, 83.
(34) Strojek, W.; Fehse, C. M.; Eckert, H.; Ewald, B.; Kniep, R. Solid
State Nucl. Magn. Reson. 2007, 32, 89.
(35) Gee, B.; Eckert, H. Solid State Nucl. Magn. Reson. 1995, 5, 113.
(36) Tachez, M.; Malugani, J.; Mercier, R.; Robert, G. Solid State
Ionics 1984, 14, 181.
(37) Mercier, R.; Malugani, J. P.; Fahys, B.; Douglade, G.; Robert, J. J.
Solid State Chem. 1982, 43, 151.
(38) Royle, M.; Cho., J. L.; Martin, S. W. J. Non-Cryst. Solids 2001,
279, 97.
(39) Eckert, H.; Zhang, Z.; Kennedy, J. H. Chem. Mater. 1990, 2, 273.
(40) Hwang, S. J.; Fernandez, C; Amoureux, J. P.; Han., J. W.; Cho,
J.; Martin, S. W.; Pruski, M. J. Am. Chem. Soc. 1998, 120, 7337.
(41) Hagenmuller, P.; Chopin, F. C. R. Acad. Sci. Paris 1963, 256,
5578.
(42) Deters, H.; de Camargo, A. S. S.; Santos, C. N.; Ferrari, C. R.;
Hernandes, A. C.; Ibanez, A.; Rinke, M. T.; Eckert, H. J. Phys. Chem. C
2009, 113, 16216.
(43) Stebbins, J. F.; Zhao, P.; Kroeker, S. Solid State Nucl. Magn.
Reson. 2000, 16, 9.
(44) Hwang, S. J.; Fernandez, C.; Amoureux, J. P.; Cho, J.; Martin, S.
W.; Pruski, M. Solid State Nucl. Magn. Reson. 1997, 8, 109.
(45) Schrooten, J.; Meyer, B.; Martin, S. W.; Borsa, F. J. Non-Cryst.
Solids 2003, 319, 136.
(46) Tatsumsisago, M; Yamashita, H; Hayashi, A.; Morimoto, H.;
Minami, T. J. Non-Cryst. Solids 2000, 274, 30.
(47) Waugh, J. S.; Fedin, E. I. Sov. Phys. Solid State 1963, 4, 1633.
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